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Available online 16 September 2011The central nucleus of the inferior colliculus (CIC) is an important relay station for acoustic
information that has an aversive connotation. γ-Aminobutyric acid (GABA) mechanisms
exert tonic inhibitory control over the neural substrates of aversion in themidbrain tectum. Re-
cent evidence obtained in this laboratory showed that low- (LA) and high-anxiety (HA) rats se-
lected in the elevated plus maze (EPM) exhibit low and high auditory-evoked potential (AEP)
amplitudes, respectively, recorded in the CIC when subjected to loud click noises. The present
study investigated the eventual top-down regulation exerted by GABA mechanisms in the
basolateral (BLA) and central (CeA) nuclei of the amygdala on aversive information processing
at the level of the CIC. The GABA inhibitors bicuculline (10 ng/0.2 μl) and semicarbazide
(7 μg/0.2 μl) and GABA agonist muscimol (1 nmol/0.2 μl) were locally infused into the CeA and
BLA in rats subjected to an AEP recording procedure that used electrodes implanted in the
CIC. Freezing behavior induced by these intra-amygdala injectionswas alsomeasured. The re-
sults confirmed that the processing of aversive acoustic information depends on anxiety levels
in LA andHA rats. Freezing behavior and the increasedAEPs induced by intra-CeA injections of
bicuculline and semicarbazide weremore pronounced in HA than in LA animals. Intra-CeA in-
jections of muscimol did not change either the basal levels of freezing or AEP amplitudes in LA
and HA rats. However, freezing and the enhanced AEPs were of small magnitude following
intra-BLA injections of bicuculline and semicarbazide. An unexpected magnitude of freezing
and enhanced AEPs was observed following muscimol infusions into the BLA in HA rats.
GABAmechanisms in the CeA appear to play a regulatory role in aversive states, and inactiva-
tion of the BLA with muscimol produced pro-aversive effects, suggesting that inactivation of
the BLA removed the descending inhibitory control of the neural substrates of aversion in the
CICexerted by theBLA. Because the latter effectswereobservedonly inHArats, a dysfunctional
BLAmay underlie the differences between trait and state anxiety.
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21B R A I N R E S E A R C H 1 4 2 1 ( 2 0 1 1 ) 2 0 – 2 91. IntroductionThe central nucleus of the inferior colliculus (CIC) is a relay cen-
ter for ascending auditory information. In conjunction with the
superior colliculus, medial hypothalamus, dorsal periaqueduc-
tal gray (dPAG), and amygdala, this region is part of the well-
known brain aversion system (Brandão et al., 1988, 1999, 2003;
Silveira et al., 1993), which is commonly related to the organiza-
tion of the unconditioned fear response (Brandão et al., 1994,
1999; Graeff, 1990). Thismidbrain region lies at a crucial position
in the primary auditory pathway (Casseday and Covey, 1996),
integrating inputs froma broad range of auditory brainstemnu-
clei, relaying information to the auditory thalamusandnuclei at
the sensorimotor interface, and creating selectivity for various
dimensions of relevant sounds (Marsh et al., 2002; e.g., 22 kHz
alarm calls; Brudzynski, 2009).
Electrical stimulation of the CIC induces arousal, freezing,
andan escape response, comprising a set of defensive behaviors
that mimic the fearful behavior elicited by environmental chal-
lenges (Brandão et al., 1988, 1993, 1999). Rats are able to engage
in tasks that decrease the aversiveness of CIC stimulation,
show increased CIC auditory-evoked potentials (AEPs) in the
presence of conditioned fear stimuli, and exhibit increased Fos
immunolabeling when exposed to diverse emotional stressors
(Baas et al., 2006; Brandão et al., 1993, 1999, 2001, 2005; Melo
et al., 1992; Nobre et al., 2003; Silveira et al., 1993).
In midbrain regions, such as the overall brain aversion sys-
tem, the neurotransmitter γ-aminobutyric acid (GABA) exerts
tonic inhibitory control (Brandão et al., 1988, 2003, 2005) that de-
pends on the integrity of the central nucleus of the amygdala
(CeA) and basolateral amygdala (BLA; Macedo et al., 2002,
2006). Unconditioned and conditioned responses in rats sub-
jected to aversive auditory stimuli has been suggested to involve
transmission through the IC to the medial geniculate body and
then to the amygdala (LeDoux, 1994; Macedo et al., 2002, 2006).
Studies have revealed that the reactivity of high-anxiety (HA)
rats to diverse challenges is different from low-anxiety (LA) rats
(Henniger et al., 2000; Landgraf and Wigger, 2002; Liebsch et al.,
1998). The selection of laboratory animals as LA and HA may be
useful in the study of the neurobiology of anxiety. Low-anxiety
rats respond typically to threatening situations, whereas HA ani-
mals display exaggerated defensive responses under these con-
ditions (Nobre et al., 2010). Thus, HA rats appear to show an
innate individual predisposition to respond to the presence of in-
nocuous or weak anxiety-evoking stimuli with powerful feelings
of distress (Salomé et al., 2004; Singewald, 2007; Spielberger,
1996). This assumption raises important questions in this field
of research because amygdala dysfunction has been related to
generalized anxiety disorder (Davis et al., 1994; De Oca et al.,
1998). Fos is significantly expressed in the BLA following activa-
tion of the neural substrates of fear in the CIC (Lamprea et al.,
2002). Given that animals selected as LA or HA differentially pro-
cessed the aversive acoustic information that reaches the IC
(Nobre et al., 2010), a question arises about the relationship be-
tween descending information from the amygdala and neuronal
activity in the CIC. The existence of a direct and widespread pro-
jection from the BLA that is distributedwidely throughout the IC,
including most of the central nucleus, was demonstrated in bats
(Marsh et al., 2002). The neural substrates of aversion in the CIChave also been shown to be subjected to modulatory influences
from the BLA (Macedo et al., 2002, 2006) and substantia nigra
(Nobre et al., 2004). Still unclear, however, is how the processing
of aversive information that ascends through the IC ismodulated
by rostrally located structures in the brain. The present study fur-
ther assessed the top-down mechanisms that regulate the pro-
cessing of aversive information in the brainstem. We were
interested in determining how GABAergic mechanisms in the
amygdala modulate the processing of aversive acoustic stimula-
tion in the CIC in LA andHA rats by recording collicular AEPs am-
plitudes and assessing their association with a defensive
response (i.e., freezing). The GABA inhibitors bicuculline
(10 ng/0.2 μl) and semicarbazide (7 μg/0.2 μl) and GABA agonist
muscimol (1 nmol/0.2 μl) were microinjected into the CeA and
BLA. AEPs recorded from electrodes implanted in the CIC in LA
and HA rats were the electrophysiological correlates of the be-
havioral responses produced by these injections into the amyg-
dala nuclei.2. Results
Representative photomicrographs of the drug injections into
the CeA and BLA and electrode placements in the CIC are
depicted on diagrams modified from the Paxinos and Watson
rat brain atlas (2007; Fig. 1).
2.1. Selection with the elevated plus maze
LA and HA rats were selected according to their propensity to
display avoidance of heights and open spaces when subjected
to a procedure, namely the EPM, that commonly evokes such
an emotional response. Student's t-test confirmed that the
main distinction between the HA and LA rats were primarily
their anxiety-like behavior. HA and LA animals did not exhibit
significant differences in general locomotor activity (Table 1).
Additionally, a previous study found that AEPsmagnitudes sig-
nificantly correlated with the time spent by HA and LA rats in
the open arms of the EPM (Nobre et al., 2010).
2.2. Modulation by GABAergic mechanisms in the CeA and
BLA onAEPs amplitudes recorded from the CIC in LA andHA rats
Themethodology presented here was based on previous stud-
ies from our laboratory (Brandão et al., 2001; Nobre et al., 2003,
2010). The tones were always the same across the subgroups,
and a prominent positive component (P1) was clearly recorded.
The mean latency for the first wave of AEPs was approximately
10 ms in both experimental conditions. The latency and shape
of the first positive wave could not be linked to recordings
from widespread brain regions but are characteristic of the IC
(Bagri et al., 1989; Brandão et al., 2001; Buchwald and Huang,
1975; Faingold, 1977; Huang and Buchwald, 1977).
Fig. 2 shows the mean (±SEM) of the unconditioned freez-
ing response (top) and AEPs amplitude recorded from the cen-
tral nucleus of the CIC (bottom) after intra-CeA
microinjections of GABAergic drugs. With regard to freezing
behavior, two-way repeated-measures ANOVA revealed sig-
nificant effects of anxiety level (LA and HA: F1,14=44.03,
p<0.001) and drugs (saline, bicuculline, semicarbazide, and
Fig. 1 – Microinjection sites in the central (A) and basolateral (B) nuclei of the amygdala and electrode placements in the central
nucleus of the inferior colliculus (C). Open circles represent the sites of drug injections (CeA and BLA) andAEP recordings (CIC) in LA
rats according to the coordinates of the Paxinos andWatson (2007) atlas. Shaded circles represent the sites of stimulation in HA
animals. The main structures depicted in the figure include the following: CeL, central amygdaloid nucleus, lateral part; CeM,
central amygdaloid nucleus,medial division; CeC, central amygdaloidnucleus, capsular part; IM, intercalated amygdaloid nucleus,
main part; BLA, basolateral amygdaloidnucleus, anterior part; BLV, basolateral amygdaloidnucleus, ventral part; BMA, basomedial
amygdaloid nucleus, anterior part; BLP, basolateral amygdaloid nucleus, posterior part; BMP, basomedial amygdaloid nucleus,
posterior part; LaDL, lateral amygdaloid nucleus, dorsolateral part; LaVM, lateral amygdaloid nucleus, ventromedial part; LaVL,
lateral amygdaloid nucleus, ventrolateral part; CIC, central nucleus of the inferior colliculus; DCIC, dorsal cortex of the inferior
colliculus; ECIC, external cortexof the inferior colliculus.Thenumber of points in the figure is less than the total number of rats used
in this study because several points overlap. The figure shows the atlas coordinates in millimeters posterior to bregma.
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Table 1 –Main differences between two groups of rats
segregated with regard to their responsiveness to the open
arms of the elevated plus maze. The data were ranked and
divided into three parts. Rats that belonged to the third distal
part below the median were classified as high-anxiety (HA)
rats. Rats that fell in the part above the median were
classified as low-anxiety (LA) rats. Animals that performed
around themedianwere discarded from the study. *p<0.05.
ELEVATED PLUS MAZE (Mean±SEM)
Closed arm entries % Open time % Open entries
LOW 8.00±0.66 24.63±1.30* 44.40±3.59*
HIGH 7.63±0.52 10.70±0.87 24.01±2.96
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between the two factors (F3,42=21.05, p<0.001). The analysis of
the AEPs data produced similar results, with significant ef-
fects of anxiety level (LA and HA: F1,14=36.49, p<0.001) and
drugs (F3,42=5.21, p<0.001) and a significant interactionFig. 2 – Mean (±SEM) effects of intra-CeA injections of the
GABAA receptor antagonist bicuculline (BIC), GABA synthesis
inhibitor semicarbazide (SMC), and GABAA agonist muscimol
(MUS) on freezing (top) and AEP amplitude (bottom) recorded
in the CIC in LA and HA rats. Each animal received random
intra-CeA injections of phosphate-buffered saline (PBS), BIC,
SMC, or MUS before the sessions. The sessions were
conducted at 24 h intervals. *p<0.05, significant difference
between LA and HA animals tested with the same drug;
#p<0.05, significant difference compared with control (PBS)
within the same group (LA or HA).(F3,42=4.88, p<0.001). Newman–Keuls post hoc test showed
that intra-CeA injections of bicuculline and semicarbazide eli-
cited robust freezing behavior in both LA and HA animals
which was more pronounced in HA rats. Intra-CeA injections
of muscimol were ineffective in elicit a freezing response in
LA or HA rats. With regard to AEPs, the statistical analysis
showed that HA rats exhibited increased amplitudes com-
pared with LA rats. The effects of GABA antagonism in the
CeA was mainly observed in the HA group. In these animals,
the drugs, particularly semicarbazide, significantly elevated
their baseline rates. Similar to freezing behavior, CeA inacti-
vation caused by intra-CeA injections of muscimol was
ineffective.
Fig. 3 shows the mean (±SEM) of the unconditioned freez-
ing response (top) and amplitude recorded from the central
nucleus of the CIC (bottom) in rats previously selected accord-
ing to their reactivity to the open arms of the EPM thatFig. 3 – Mean (±SEM) effects of intra-BLA injections of the
GABAA receptor antagonist bicuculline (BIC), GABA synthesis
inhibitor semicarbazide (SMC), and GABAA agonist muscimol
(MUS) on freezing (top) and AEP amplitude (bottom) recorded
in the CIC in LA and HA rats. Each animal received random
intra-BLA injections of phosphate-buffered saline (PBS), BIC,
SMC, or MUS before the sessions. The sessions were
conducted at 24 h intervals. *p<0.05, significant difference
between LA and HA animals tested with the same drug;
#p<0.05, significant difference compared with control (PBS)
within the same group (LA or HA).
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GABA synthesis inhibitor semicarbazide, or the GABAA ago-
nist muscimol into the BLA. Two-way repeated-measures
ANOVA of the time spent freezing revealed significant
effects of anxiety level (LA and HA: F1,14=46.21, p<0.001) and
drug (saline, bicuculline, semicarbazide, and muscimol:
F3,42=46.83, p<0.001) and a significant interaction between
factors (anxiety level × drug: F3,42=18.48, p<0.001). These results
showed that the observed effects of the drugs on freezing be-
havior depended on the basal level of anxiety in the animals.
However, although intra-BLA bicuculline and semicarbazide in-
jections elicited unconditioned freezing in both LA and HA rats,
muscimol increased freezing only in HA animals.
The analysis of the AEPs data revealed significant effects of
anxiety level (F1,14=26.23, p<0.001) and drug (F3,42=3.56,
p<0.001) and a significant anxiety level × drug interaction
(F3,42=3.55, p<0.001). The post hoc analysis revealed that HA
rats showed greater AEPs amplitudes than controls. A de-
crease in GABA transmission in the BLA caused by local injec-
tions of bicuculline and semicarbazide produced no changes
in AEPs in LA and HA rats. However, BLA inactivation caused
by muscimol significantly increased AEPs beyond the rates
observed in controls (PBS).3. Discussion
Similar to previous studies from this and other laboratories,
rats that were otherwise identical with regard to breeder,
age, and housing conditions showed systematic individual
differences in the EPM (Borta et al., 2006; Ho et al., 2002;
Nobre et al., 2010). This evidence indicates that rats can be se-
lected according to their “anxiety” level, which is thought to
reflect a stable behavioral disposition or trait (Salomé et al.,
2004). Moreover, these groups of animals also differed phar-
macologically (Ho et al., 2005) and with regard to neurochem-
istry, namely striatal serotonin levels and cytokine mRNA
(Pawlak et al., 2003; Schwarting et al., 1998). In our laboratory,
we used the time spent in the open arms of the EPM as the
main variable to allow the separation of rats into LA and HA
groups, in which HA rats displayed more anxiety-like behav-
ior than LA rats (Cabral et al., 2009; Nobre et al., 2010). Impor-
tantly, previous data obtained in this laboratory clearly
showed that LA and HA animals differentially process aver-
sive acoustic signals (Nobre et al., 2010). Overall, our results
corroborate these previous data, showing that rats selected
as HA showed higher AEPs than LA animals during the base-
line phase of the experiment before receiving the drug injec-
tions. The present study further contributes to our
understanding on the biological mechanisms that underlie
the processing of aversive information in the brainstem, spe-
cifically how GABA system manipulation in the amygdala af-
fects auditory information processing in the CIC.
Information from all sensorymodalities reaches the amyg-
dala via cortical and subcortical pathways that converge in
the BLA (Davis, 1997; Ehrlich et al., 2009; LeDoux et al., 1990).
The major intra-amygdaloid target of the BLA is the CeA,
which is critical for the production of autonomic and somatic
responses elicited by stimuli that are previously paired with
aversive events (Davis, 1997; LeDoux, 1994; LeDoux et al.,1988). The CeA is hypothesized to mediate fear and anxiety-
related responses (Davis et al., 1994; Wilensky et al., 2006). In
our study, the unconditioned freezing response elicited by
intra-CeA injections of bicuculline and semicarbazide was re-
markable. Semicarbazide also significantly increased AEP am-
plitudes, but only in HA rats. HA rats that spent more time
exhibiting unconditioned freezing also exhibited increased
AEPs in response to GABA blockade in the CeA. These effects
were selective and more robust in HA than in LA animals.
The CeA is the output for sensory information that reaches
the amygdala via the BLA. GABA inhibition in this region likely
facilitates the expression of unconditioned fear because CeA
neurons project to brainstem target areas known to be in-
volved in the autonomic expression of fear (Davis et al.,
1994; LeDoux, 1994; LeDoux et al., 1988; Stutzmann and
LeDoux, 1999).
A single intra-CeA injection of muscimol had no effect on
either the time spent freezing or AEP amplitude. A study by
Martinez et al. (2006) showed that injections of muscimol
into the amygdala did not change the aversive threshold of
unconditioned behaviors (i.e., freezing and escape responses)
induced by dPAG stimulation. Freezing and escape induced
by electrical stimulation of the dPAG are organized in mid-
brain output neurons downstream of the amygdala. These
findings indicate that neural mechanisms in the PAG are es-
sential for the production of the defense reaction. Although
CeA mechanisms may modulate this response, the CeA is
not crucial for the production of fear responses. However,
muscimol attenuated the avoidance of the open arms of the
EPM only when it was injected into the CeA and not into the
BLA (Moreira et al., 2007; Zarrindast et al., 2008).
In our study, intra-BLA infusions of bicuculline and semi-
carbazide elicited an unconditioned freezing response with-
out changing AEPs recorded from the CIC in either LA or HA
rats. The freezing response caused by both drugs was similar
in HA and LA rats. These results are consistent with several
reports in the literature. GABA inhibition after local infusion
of the GABAA receptor antagonist bicuculline into the BLA in-
creased heart rate and blood pressure (Sanders and Shekhar,
1991) and facilitated conditioned aversion (Ferry and Di
Scala, 1997). Injections of bicuculline and picrotoxin into the
BLA decreased the time spent engaging in social interaction
in rats (Sanders and Shekhar, 1995). These results correspond
well with the proposed tonic role of GABAA mechanisms in
the BLA in unconditioned fear and experimental anxiety in
rats. Similar results were found in other studies, in which in-
creased levels of aversion were found after local BLA injec-
tions of GABAergic inhibitors (Rodriguez Manzanares et al.,
2005; Sajdyk and Shekhar, 2000; Sanders and Shekhar, 1995).
Information from all sensory modalities reaches the amygda-
la via cortical and subcortical pathways that converge in the
BLA (Davis, 1997; Ehrlich et al., 2009; LeDoux et al., 1990). The
major intra-amygdaloid target of the BLA is the CeA, which
is critical for the production of autonomic and somatic re-
sponses produced by stimuli that are previously paired with
aversive events (Davis, 1997; LeDoux, 1994; LeDoux et al.,
1988). The absence of effects of GABA antagonism in BLA neu-
rons on AEP amplitudes recorded in the CIC may suggest that
the BLA does not modulate incoming aversive information
from this brainstem region.
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intra-BLA injections of muscimol. This GABAA agonist selec-
tively enhanced the duration of freezing and AEP amplitudes
in HA rats but not in LA rats. Thus, the effects of intra-BLA in-
jections of muscimol increased the processing of ascending
information through the CIC and promoted freezing behavior
in HA rats, suggesting a distinct modulatory role of the BLA in
the processing of incoming aversive information. This unique
role that attributes defensive behaviors generated by electri-
cal stimulation of the CIC to the BLA is supported by previous
findings from this laboratory. Electrolytic lesions of the BLA
increased the aversive consequences of electrical stimulation
of the CIC (Maisonnette et al., 1996). We recently showed that
intra-BLA injections of muscimol produced anxiogenic-like ef-
fects in rats subjected to the EPM (Moreira et al., 2007). Our ex-
planation for these results is that although the BLA is an
afferent center for aversive information, it also sends inhibito-
ry fibers to midbrain sites responsible for the defense reac-
tion. Thus, the inactivation of these neurons by intra-BLA
injections of muscimol may release the output mechanisms
of defense in the midbrain tectum from prosencephalic con-
trol (Macedo et al., 2006; Maisonnette et al., 1996). Using the
retrograde tracer transport technique, Marsh et al. (2002)
revealed the existence of a projection from the basal nucleus
of the amygdala that is distributed throughout the inferior
colliculus in bats. However, a description of a pathway be-
tween the BLA and CIC in rats is still missing from the litera-
ture. Alternatively, this modulatory influence could be
indirect through the substantia nigra pars reticulata (SNpr).
Muscimol infusions into this region enhanced defensive be-
havior induced by injections of excitatory amino acids into
the CIC (Nobre et al., 2004).
A possibility that emerges from the analysis of the present
data and relevant literature is that retrograde inhibitory con-
trol exerted by BLA mechanisms that mediate stress and the
neural substrates of fear located at the brainstem level may
apply only to unconditioned fear rather than conditioned
fear. More elaborate mechanisms that underlie conditioned
fear do not appear to be under such inhibitory control. In
fact, intra-BLA infusions of muscimol decreased conditioned
fear in a conditioned place aversion paradigm but increased
unconditioned fear elicited by activation of the neural sub-
strates of fear in the IC, indicating that distinct modulatory
mechanisms in the BLA are recruited during conditioned and
unconditioned fear (Macedo et al., 2006). The present study
supports the hypothesis that animals that are more vulnera-
ble to stressorsmay have innate deficits in the neural systems
that control the ability of the BLA to modulate stress coping
(Lehner et al., 2010).4. Experimental procedures
4.1. Animals
From an initial total of 50 animals, 32 male Wistar rats (cam-
pus of Ribeirão Preto, University of São Paulo) that weighed
250±20 g at the beginning of the experiments were used.
One animal was discarded during the elevated plus maze
(EPM) test because the time spent in the closed armscorresponded to the total time of the test (300 s). Six animals
had cannula placements outside the main regions of interest
(CeA, BLA, and CIC). As the animals were awake during the
AEPs recording test sessions another seven rats, whose AEPs
amplitudes were above 300 mV during baseline, were also dis-
carded. This became necessary in order to avoid the excessive
variability in the amplitude of the AEPs induced by muscle
noise, particularly the head muscles. The remaining four ani-
mals had problems during or after surgery (death or prosthe-
sis infection). The animals were given 3 days to habituate to
the housing conditions in the Laboratory of Neuropsycho-
pharmacology. They were housed in groups of four in
Plexiglas-walled cages (45×35×15 cm) lined with wood shav-
ings that were changed every 3 days and maintained on a
12 h/12 h light/dark cycle (lights on at 07:00 h) at 24±1 °C
with free access to food and water.
4.2. Ethical statement
The authors declare that all experiments received formal ap-
proval from the Committee on Animal Research and Ethics
(CEUA) of the University of Sao Paulo (no. 06.1.123.8.53.9) and
were performed in compliance with the recommendations of
the Brazilian Society for Neuroscience and Behavior, which
are in accordance with the United States National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
Additionally, the number of animals used was the minimum
required to ensure the reliability of the results, and every ef-
fort was made to minimize animal suffering.
4.3. Selection of low- (LA) and high- (HA) anxiety animals
The rats were separated according to their propensity to dis-
play high (HA) or low (LA) avoidance of the open arms in the
EPM. The EPM was constructed from dark plywood and had
two open arms (50×10 cm), perpendicular to two closed
arms of equal dimensions and surrounded by 40 cm high
walls. The apparatus was elevated 50 cm from the floor
(Anseloni and Brandão, 1997; Borta et al., 2006; Nobre et al.
2010; Pawlak et al., 2003; Salomé et al., 2002; Salomé et al.,
2004). A 1 cm wooden rim surrounded the open arms to pre-
vent falls from the maze. The apparatus was located inside a
room with constant background noise (50 dB). Behavior in
the EPM was recorded by a video camera (Everfocus, Duarte,
CA, USA) linked to a monitor. This device, located outside
the experimental room, allowed the recordings to be analyzed
later. Luminosity at the level of the open arms of the maze
was 60 lx. Experimental sessions were conducted between
10:00 and 18:00. The rats were placed individually in the center
of themaze facing a closed armand allowed5 min of free explo-
ration of the maze. An observer who was trained to measure
conventional EPM parameters subsequently scored the video-
tapes. The behavioral categories were scored using ethological
analysis software (The Observer, Noldus, Amsterdam, The
Netherlands), which allowed themeasurements of the number
of entries into and time spent on both the open and closed arms
of the maze. An arm entry or exit was defined as all four paws
entering or exiting an arm, respectively. These data were used
to calculate the percentage of open arm entries and percentage
of time spent in the open arms. Each animal was tested once,
26 B R A I N R E S E A R C H 1 4 2 1 ( 2 0 1 1 ) 2 0 – 2 9and the measure of open arm time was used to assign animals
to the HA and LA groups (Borta et al., 2006; Nobre et al. 2010;
Pawlak et al., 2003; Salomé et al., 2004). The animals were
ranked by their time spent on the open arms of the EPM such
that animals that exhibited preference for the extremities that
was in the upper or lower quartiles above or below the median
were selected as rats with either LA or HA levels, respectively.
The 50% of the animals that were within the quartiles immedi-
ately above or below the median were not used in the present
study. The apparatus was cleaned with 20% ethanol and water
before each test. After exposure to theEPM, the animalswere al-
located to one of the two groups (HA and LA) for the duration of
the experiments.
4.4. Surgery
Twenty-four hours after the EPM experiments, the animals
were anesthetized with a 0.1 ml ketamine hydrochloride+
0.1 ml xylazine mixture (90/10 mg/kg) and mounted in a digi-
tal stereotaxic frame (Insight, São Paulo, Brazil). To assess
AEPs, a cannula made from a stainless steel needle
(24 gauge, 14 mm length) was implanted into the central nu-
cleus of the left or right IC. Additionally, the same animal re-
ceived a second cannula, oriented to the left or right CeA or
BLA. The animals always received two cannulae, one on
each side of the brain (left or right). Results obtained from a
previous study in our laboratory indicated the absence of
hemispheric differences in AEPs elicited by auditory stimuli,
regardless of the side of the stimulation (Nobre et al., 2003).
The upper incisor bar was set 2.5 mm below the interaural
line, such that the skull was horizontal between bregma and
lambda. For the CIC, the cannula was introduced vertically
using the following coordinates, with bregma serving as the
reference for each plane: anterior/posterior, −8.6 mm; medi-
al/lateral, ±1.5 mm; dorsal/ventral, −4.0 mm. For the cannulae
inserted into the amygdala, the following coordinates were
used: anterior/posterior, −2.4 mm; medial/lateral, ±4.2 mm;
dorsal/ventral, −5.2 mm (CeA); anterior/posterior, −2.4 mm;
medial/lateral, ±5.00 mm; dorsal/ventral, −5.6 mm (BLA;
Paxinos and Watson, 2007). The cannulae were fixed to the
skull with acrylic resin and three stainless steel screws. At
the end of surgery, each animal received an intramuscular in-
jection of a veterinary pentabiotic (120,000 UI, 0.2 ml) followed
by an injection of the antiinflammatory and analgesic drug
Banamine (flumixin meglumine, 2.5 mg/kg). Afterward, each
guide cannula was sealed with a stainless steel wire to protect
it from blockage.
4.5. Drugs
Drug effects were tested after a 5-day period of recovery from
surgery. The following drugs were used: selective GABAA ago-
nist muscimol (1 nmol/0.2 μl; Sigma, St. Louis, MO, USA),
GABAA competitive antagonist bicuculline (10 ng/0.2 μl;
Sigma), and GABA synthesis inhibitor semicarbazide
(7 μg/0.2 μl, Vetec, São Paulo, Brazil). All drugs were dissolved
in phosphate-buffered saline (PBS) shortly before the intra-
CeA and intra-BLA microinjections. Vehicle was also used as
a control solution. The waiting time for the test sessions
after a drug injection was 15 min for all of the drugs, withthe exception of semicarbazide, which had a waiting time of
30 min. Although some animals that received bicuculline
and semicarbazide showed some hyperactivity during the
waiting period, freezing was the prevalent behavior during
the sessions. The doses of drugs used were selected based
on previous studies (Borelli et al., 2006; Brandão et al., 2005;
Nobre and Brandão, 2004; Nobre et al., 2003, 2010). Each ani-
mal received four microinjections, administered in a random
order with a 24 h interinjection interval. For example, for one
animal, the procedure for the drug injections was the follow-
ing: 1st day, PBS; 2nd day, bicuculline; 3rd day, muscimol;
4th day, semicarbazide. For another animal, the sequence
was bicuculline, semicarbazide, PBS, andmuscimol and so on.
4.6. Microinjection procedure
The animals were gently wrapped in a cloth and hand-held. A
thin dental needle (outside diameter, 0.3 mm) was introduced
through the guide cannula until its lower end was 3 mm
below its tip. The injection needle was connected to a 5 μl sy-
ringe pump (Insight, São Paulo, Brazil) by polyethylene-10 tub-
ing. A volume of 0.2 μl PBS, muscimol, bicuculline, or
semicarbazide was injected over 60 s. The displacement of
an air bubble inside the polyethylene tubing was used tomon-
itor the microinjection.
4.7. Auditory-evoked potential recording
Brainstem AEPs are very small electrical voltage potentials that
are recorded from electrodes in response to a repetitive stimulus
alonga specific brainstemauditorypathway. Thesepotentials re-
flect neuronal activity in the auditory complex, mainly in the co-
chlear nucleus, superior olive, and IC (Long and Allen, 1984).
Previous studies have shown that AEPs generated in the CIC are
sensitive to aversive manipulations (Baas et al., 2006; Brandão
et al., 2001; Nobre et al., 2003). For example, Nobre et al. (2003)
showed that freezing behavior induced by intra-CIC microinjec-
tions of a low dose of the GABA blocker semicarbazide increased
the amplitude of AEPs in laboratory rats. Similarly, some of the
electrophysiological brainstem abnormalities observed in anxi-
ety disorders can be replicated in healthy control subjects by in-
ducing a transient state of anxiety (Baas et al., 2006).
The stimulus presentation was produced and controlled by
a biological data acquisition system (Sysdin, Lynx, São Paulo,
Brazil). The average value was obtained at the end of the ses-
sions. AEPswere recorded after each of the 100 auditory stimuli
as the voltage difference between the tip of an insulated wire
(150 μm) inserted through the cannula (1 mm beyond the end
of the cannula) and the guide-cannula itself implanted into
the CIC. This voltage difference was fed into an amplifier
(Lynx, TX001, bandwidth set to 20–200 Hz) through two noise-
less shielded cables passed through a hole in the roof of the Far-
aday cage. A previous study from our laboratory indicated no
hemispheric differences in AEPs recorded in the present scien-
tific context (Nobre et al., 2003). The output of the amplifier
was connected to one of the four channels on an analog/digital
converter (CAD 12/36) plugged into a computer. Filtering, ampli-
fication, and digitalization of the signals were performed
with the Sysdin system (Lynx, São Paulo, Brazil). The potential
signals were filtered (high-pass filter, 20 Hz; low-pass filter,
27B R A I N R E S E A R C H 1 4 2 1 ( 2 0 1 1 ) 2 0 – 2 9200 Hz) and sampled at a rate of 0.33 kHz. Sisdin software was
programmed to sum individual AEPs amplitudes. The data ac-
quisition sweep began 10 ms before the onset of the sound
stimulus (i.e., latency to switch on the sound plus sound propa-
gation) and continued until 200 ms after the termination of the
sound stimulus. During recording, the animals weremonitored
via a video camera systemplaced in the experimental room. N1
was identified visually as the first negative wave, and P1 was
identified at the first positive wave approximately 15ms after
the sound presentation. The positive peak P1 is considered an
early component of the collicular response. Its amplitude is
measured peak to peak, with peak latency between 5 and 8ms
(Hall and Mark, 1967; Mark and Hall, 1967). The AEPs elicited
from the CIC were recorded from the ventro-caudal portions of
the nucleus. This method of analysis is similar to that of previ-
ous studies from our and other laboratories that used similar
protocols (Hall and Mark, 1967; Mark and Hall, 1967; Nobre et
al., 2003, 2010; Szczepaniak and Moller, 1995). Peak amplitudes
were defined as the maximum amplitude measured between
N1 and the end of P1, similar to previous studies from our labo-
ratory (Brandão et al., 2001; Nobre et al., 2003, 2010). This set of
data was monitored on the computer screen. The computer
output was graphically displayed on an XY plotter (Hewlett-
Packard 1100, Palo Alto, CA, USA). The AEPs data were stored
on a computer hard disk and transferred to Excel (Microsoft,
Mountain View, CA, USA) tables for off-line visualization and
analysis.
4.8. Experimental box
An experimental cage (external dimensions, 19×9×9 cm; inter-
nal dimensions, 16×6×7 cm) located inside a Faraday-
insulated system surrounded by a ventilated plywood sound-
attenuating chamber (64×60×40 cm) was used. A 7.5W red
bulb at the top of the test boxwas switched on during the exper-
imental sessions. The floor of the cage consisted of six 3.0 mm
diameter stainless steel bars spaced 1.5 mm apart through
which footshocks were delivered. A loudspeaker, located 10 cm
behind the cage, delivered continuous background noise (55 dB
sound pressure level). Acoustic stimuli (clicks, 50 ms duration,
3000 Hz square-wave pulses) presented at a rate of 0.33 Hz (one
every 3 s) were delivered via two piezoelectric speakers (12 Ω,
200W, LeSon, São Paulo, Brazil) mounted on the lateral walls of
the sound-insulating box, 15 cm from the wire mesh cage. The
acoustic stimuluswas a pure tonewith a 92.5 dB sound pressure
level. Software and an appropriate interface (Lynx, São Paulo,
Brazil) controlled the presentation and sequencing of the acous-
tic stimuli. Sound pressure levels were measured at the level of
the ears of the animals using a 0.125 in. microphone and a type
2636 DK-2580 measuring amplifier (Bruel and Kjaer, Naerum,
Denmark). The animalswere restrained inside the experimental
cage to prevent their movement, with the exception of a small
gap. In this condition, the head of the animal was directed to
the center of the sound stimulation (loudspeaker). They were
unable to rotate or turn from one side to the other inside the
box. The animals were habituated to this restriction such that
after the time had elapsed, the aversive effects of the restriction
ceased. In this condition, minimal variation in the azimuth of
sound propagation (5° left-right/top-down; the space that the
animals had for head movements) was likely to occur. Thisvariation induced changes in the sound intensity by approxi-
mately±2.5 dB. Thus, all of the animals were likely exposed to
similar sound levels (92.5 dB). All calibration procedures were
conducted before the experiments to ensure equivalent sensitiv-
ities during each session.
4.9. Experimental design
A total of 32 rats previously selected as LA or HA in the EPM test
were used. Each group was subdivided into two additional
groups: (i) animals that received intra-CeA drug injections, and
(ii) animals that received intra-BLA drug injections. Each animal
in each group received four intra-CeA or intra-BLA injections,
randomly administered within a 24-h interval. This procedure
of four injections administered in a randomized order has
been shown to minimize neural damage and order effects
(Brandão et al., 1988; Pandossio and Brandão, 1999). The follow-
ing four groups were formed: LA rats × intra-CeA drug injec-
tions, HA rats × intra-CeA drug injections, LA rats × intra-BLA
drug injections, and HA rats × BLA drug injections (n=8 per
group). Following the treatment, each rat was placed in the
test cage and connected to the recording system, and freezing
and AEPs were recorded. Freezing was operationally defined
as the total absence of movement of the body and vibrissae ac-
companied by at least two of the following responses: arched
back, retraction of the ears, piloerection or exophthalmus. The
freezing behavior was scored during testing sessions and also
subsequently from videotapes by an experienced observer.
4.10. Statistical analysis
Data from the EPM are expressed asmean±SEM. For the analy-
sis of main differences in EPM variables, Student's t-test was
used. The drug effect data are expressed as mean±SEM. For
the statistical analysis of the time spent freezing and AEPs am-
plitudes, a two-way repeated-measures analysis of variance
(ANOVA) for each amygdala nuclei (CeA and BLA) was used. In
each group tested, one animal received four different injections
delivered randomly. One factor was anxiety level (LA, HA), with
the repeated factor drug (saline, bicuculline, semicarbazide,
and muscimol). Significant effects in the ANOVA (p<0.05) were
followed by the Newman–Keuls post hoc test.Acknowledgments
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